The carboxymethyl-cellulase and Avicelase activities of Thermoactinomyces sp., strain YX, were produced simultaneously with cell growth. Throughout the growth phase these activities were primarily extracellular, with up to 50% adsorbed to residual cellulosic substrate at any one time. On the other hand, the ,8-glucosidase activity was associated with the culture solids throughout the entire fermentation and appears to be intracellular. Preparative isoelectric focusing of the culture filtrate, in the pH range 3 to 5, separated three major fractions with cellulolytic activities towards both carboxymethyl-cellulose and Avicel. Based on the carboxymethyl-cellulase and Avicelase activities of these separated fractions, it was not possible to discriminate between endo-and exoglucanases produced by Thermoactinomyces sp. Analytical isoelectric focusing of culture filtrates obtained throughout the growth phase of Thermoactinomyces indicated that all the extracellular cellulolytic enzymes are produced and released into the culture filtrate simultaneously, with no evidence of a sequential appearance of the various enzymes or isoenzymes.
,8-glucosidase activity was associated with the culture solids throughout the entire fermentation and appears to be intracellular. Preparative isoelectric focusing of the culture filtrate, in the pH range 3 to 5, separated three major fractions with cellulolytic activities towards both carboxymethyl-cellulose and Avicel. Based on the carboxymethyl-cellulase and Avicelase activities of these separated fractions, it was not possible to discriminate between endo-and exoglucanases produced by Thermoactinomyces sp. Analytical isoelectric focusing of culture filtrates obtained throughout the growth phase of Thermoactinomyces indicated that all the extracellular cellulolytic enzymes are produced and released into the culture filtrate simultaneously, with no evidence of a sequential appearance of the various enzymes or isoenzymes.
When grown on 1% cellulose (Avicel; FMC Corp., Newark, Del.) at 550 C the thermophilic filamentous bacteria Thermoactinomyces degrade 70% of the substrate within 24 h (11) . The fast degradation of cellulosic substrates indicates that the cellulase enzyme system of Thermoactinomyces sp. has great potential for the saccharification of cellulosic materials (19) .
The extracellular enzyme system of Thermoactinomyces sp. has so far been studied mainly with respect to "total" cellulase activity measured either as reducing sugar produced from a 20% Avicel slurry (19) or as filter paper activity (13; A. Moreira, Ph.D. thesis, University of Pennsylvania, Philadelphia, 1977) . Only recently was it discovered that the extracellular enzyme system lacks f-glucosidase and that, at the onset of the stationary growth phase, this enzyme activity is associated almost exclusively with the culture solids (B. Hagerdal, H. Harris, and E. K. Pye, Biotechnol. Bioeng., in press). The present study was undertaken to further investigate the endoglucanase, exoglucanase, and , 8- Cultures of Thermoactinomyces were also grown in 500-ml shake flasks, each holding a total of 100 ml of culture, using 5 ml of frozen inoculum, in a New Brunswick rotary shaking water bath set at 175 rpm. The cultures were harvested during the exponential growth phase, and samples of 25 ml were separated in the cold on a glass filter as described above. The culture solids were washed five successive times with 5 ml of ice-cold water, each wash fraction was collected separately, and then culture solids were resuspended to their original volume in ice-cold 0.05 M phosphate buffer, pH 6.5. The whole broth, the culture filtrate, the culture solids, and the five wash fractions were assayed for the enzyme activities listed above. The culture filtrate and the wash fractions were lyophilized and analyzed by isoelectric focusing.
Protein determination. The protein concentration was either estimated by reading the absorbance at 280 nm or determined by the method of Lowry et al. (12) water to a final protein concentration of about 0.5 mg/ml and were then desalted in the cold on a PD-10 column (Pharmacia Fine Chemicals AB, Uppsala, Sweden). The desalted samples were immediately frozen on dry ice and thawed just before applying them to the polyacrylamide gel slabs. The isoelectric focusing was carried out with a Multiphor apparatus (LKBProdukter AB, Bromma, Sweden). Either commercial polyacrylamide gel plates (Ampholine PAG plates) with a carrier gradient of pH 3.5 to 9.5 or polyacrylamide gel plates prepared to have a narrow carrier gradient were used. The composition of these gels was: total concentration of monomers added, 5%; crosslinking concentration, 3%. Ammonium persulfate was used as polymerizer. A 1.2-ml portion of Ampholine (LKB-Produkter AB), pH 2.5 to 4, 1.2 ml of Ampholine, pH 4 to 6, and 1.2 ml of Ampholine, pH 5 to 7, in a total volume of 60 ml of water also holding 6. The preparative flat-bed isoelectric focusing was carried out in a granulated gel (Ultrodex, LKB-Produkter AB), using the same Multiphor equipment as used for the analytical isoelectric focusing. The separation was carried out according to Winter et al. (21) in a pH 3 to 5 gradient for 48 h at 10°C. The gradient was made up with 0.5 ml of Ampholine, pH 2.5 to 4, 4 ml of Ampholine, pH 3.5 to 4, and 0.5 ml of Ampholine, pH 5 to 7, in a total volume of 100 ml. The lyophilized, desalted enzyme sample was redissolved in 3 (Fig. 1) , then increased rapidly over the next 6 h to about 1.2 mg/ml, and reached a maximum of about 1.7 mg/ml after 24 h.
The starting pH during such a fermentation was 7.4; it dropped to 7.2 during the first 6 h and to 6.7 over the next 6 h. The pH reached a constant level of around 6.6 after about 24 h (Fig. 1) . Thus, the decrease in pH is closely related to the release of extracellular protein and describes an initial lag phase, an exponential phase, and a stationary phase.
CM-cellulase activity. The CM-cellulase activities of the whole broth, culture filtrate, and culture solids are shown in Fig. 2 the whole broth (14 to 16 mg of RS mn-l min-x) in the stationary growth phase. The CM-cellulase activity of the buffer-washed solids fraction shows a skewed curve over the period of 4 to 24 h, with a maximum of 3 mg of RS ml-' min-' at around 8 h, at which point. it makes up about 50% of the activity in the whole culture broth. No activity could be detected in the solids fraction in the late stationary growth phase. Within experimental error the CM-cellulase activities of the culture filtrate and of the culture solids add up to the activity of the whole broth.
Avicelase activity. Activity towards Avicel was assayed in the culture filtrate samples (Fig.  3) . It was not measured in whole culture broth or in culture solids since cell solids are known (2) to interfere with the Avicelase assay. In the filtrate, development of Avicelase activity is identical to that of the CM-cellulase activity throughout the exponential growth phase. The activity seemed to have a maximum of about 3 mg of RS ml-' h-' in the stationary phase at about 24 h, after which it decreased slightly. The point of maximum activity coincides with the point where no more CM-cellulase activity could be detected in the culture solids fraction.
,B-Glucosidase activity. Figure 4 shows that the 8l-glucosidase activities of the whole broth and of the culture solids are, within experimental error, identical and develop along with the extracellular protein (Fig. 1) . There seems to be a maximum activity of about 0.17 limol ofp-nitrophenol ml-' min-' in the late exponential growth phase, after which the activity levels out to about 0.14 ,umol of p-nitrophenol ml-' min-' in the stationary phase. Throughout the entire growth period no activity could be detected in the culture filtrate.
Analytical isoelectric focusing. Samples of culture filtrate taken during the fermentation were analyzed in the pH range of 3.5 to 9.5 ( the acid pH samples taken later throughout both the expo->, which has nential and stationary growth phases. It is only cellulolytic in the late stationary phase (48 h) that the ise, already pattern changes so that some of the bands which found in the focus in the less acid range disappear. Figure 5 shows the focusing pattems of two 10-h samples. The left sample was stored in solution at 4°C for 1 week, whereas the right sample was thawed immediately before application to the polyacrylamide gel. Both samples show the same band pattern of proteins.
Preparative isoelectric focusing. In preliminary studies using a wide pH range it was -4 found that all the cellulolytic activities focused in the pH range 3 to 5. Figure 6 shows phase was washed repeatedly with water, it was possible to desorb the cellulolytic activity measured as CM-cellulase (Table 1) so that no activity could be detected in the fifth wash fraction and the solids fraction. The Avicelase activity measured on the culture filtrate and the wash fractions follows that of the CM-cellulase activity. About 75% of the CM-cellulase activity found in the whole culture broth was recovered in the culture filtrate and the wash fractions. The remainder was probably lost during the manipulations involved. Table 1 shows that the specific activities increased up to five times in the wash fractions as compared with the culture filtrate, with the CM-cellulase activity having a maximum specificity activity in the third wash fraction and the specific Avicelase activity having a maximum in the second wash fraction. ,8-
Glucosidase activity was only found in the whole culture broth and the culture solids. Figure 7 shows the analytical isoelectric focusing pattern of the culture filtrate and the various wash fractions in the pH range 2.5 to 6.0. The wash fractions contained proteins focusing at pH 3.5, 3.7, and 4.6, at which positions cellulolytic activity was identified in the preparative isoelectric focusing of the culture filtrate (Fig.  6) . The proteins of the culture filtrate focusing in the less-acid region were not found in the wash fractions. 
DISCUSSION
When a culture of Thermoactinomyces strain YX is grown on 1% Avicel in a 40-liter batch fermentor at pH 7.2, the cell growth and the extracellular cellulolytic activity, measured as filter paper activity (13) , occur simultaneously (Moreira, Ph.D. thesis, University of Pennsylvania, Philadelphia, 1977) . The present study, in which the fermentation was carried out in a smaller fermentor (14 liters) and with an uncontrolled pH, confirmed these results. The extracellular cellulolytic activity, measured as RS released from either CMC or Avicel, was produced rapidly and approached a maximum w,ithin 18 to 24 h of growth, at which point the culture could be harvested to produce enzymes for saccharification of cellulose. By comparison, Trichoderma viride produces extracellular cellulolytic activity only after the substrate has been degraded; the activity reaches a maximum after about 7 days (14) . It has been suggested that the enzymes of T. viride are part of the cell wall during the exponential growth phase and are therefore not released into the culture fluid until the entire substrate has been degraded (2) .
A maximnum of 50% of the CM-cellulase activity of the whole broth was associated with the culture solids in the exponential growth phase. However, in the stationary growth phase, where the major part of the substrate has been digested, no more cellulolytic activity could be detected in the culture solids. Similarly, it was found for Thermoactinomyces strain MJ0r, grown on 0.5% microcrystalline cellulose, that there is a lag before appearance of extracellular cellulolytic activity, as compared with the activity in the whole culture broth (19) . The (4, 9) . These studies also showed that the enzyme could be desorbed from the cellulose with water. Similarly, using high salt concentrations, buffer, detergent, and water, it was found that water desorbed the highest amount of CM-cellulase and Avicelase activity from the culture solids of Thermoactinomyces sp. The high (up to fivefold) increase of specific activity in the wash fractions indicates a preferential adsorption of cellulolytic enzymes to cellulose, or a selective desorption. However, analytical isoelectric focusing of the wash fractions revealed a large number of protein bands, indicating that proteins other than cellulases were adsorbed to the culture solids. This was also found by Gum and Brown (9), when adsorption to microcrystalline cellulose of the crude culture filtrate from T. viride was used as a first purification step.
We have recently shown that the ,B-glucosidase activity from Thermoactinomyces is associated with the culture solids in samples harvested at the onset of the stationary growth phase (Hagerdal et al., in press). The results also indicated that it is a soluble intracellular enzyme. The present study shows that the fl-glu- enzymes might in part be due to proteolytic degradation as a result of the presence of proteolytic enzymes in the culture broth (16) . The analytical isoelectric focusing in this present study indicates that Thermoactinomyces produces and releases all the extracellular proteins into the culture fluid simultaneously. Thus, it seems that at least three extracellular cellulolytic enzymes are produced by Thermoactinomyces, throughout the exponential growth phase, with no evidence of a sequential appearance of the various enzymes. There is also the possibility that these enzymes originate from one or more common precursors, which undergo different degrees of proteolytic degradation before being released into the culture fluid.
